A B S T R A C T The effect of sex hormones on bone tissue was studied in 12 osteoporotic patients. Surfaces of bone undergoing formation and resorption were determined by quantitative microradiography of iliac crest biopsy samples before and after treatment with estrogens in 11 postmenopausal women and with testosterone in one gonadally competent man. Before treatment, bone resorption was greater than normal in all but one patient and bone formation was normal. After treatment, bone resorption decreased to within the normal range in all patients, and bone formation did not change significantly. Biochemical studies showed significant decreases in serum calcium, phosphorus, and alkaline phosphatase levels and in urinary excretion of calcium and hydroxyproline. These changes are believed to be the consequence of the effect of the hormones on bone. The data indicate that the major effect of sex hormones in osteoporosis is an inhibition of bone resorption.
proposed that anabolic sex hormones were necessary for bone matrix synthesis, and that the loss of estrogens at the menopause in women or of androgens with aging in men caused osteoporosis (1) . Since then, sex hormones have been used extensively in the treatment of osteoporosis, although their mechanism of action and therapeutic usefulness have not been completely established.
Estrogens stimulate intramedullary bone formation in birds (2) , but their effect on mammalian bone is variable. Experiments have demonstrated increased endosteal formation in mice (3), decreased endosteal resorption in rats (4) , and no specific skeletal response in Received for publication 27 November 1968. kittens or in puppies (5) . Also, if a defect in matrix synthesis is to be postulated, it is difficult to explain why neither castration nor protein restriction produces osteoporosis in experimental animals, although it can readily be produced by calcium deficiency (6, 7) , immobilization (8) , or corticosteroid administration (9) .
Studies of bone turnover have shown that the major cause of decreased bone mass in human osteoporosis is not the decrease in bone formation predicted by Albright et al. (1) but rather an increase in bone destruction. Quantitative microradiographic studies, by Jowsey et al. (10) , of bone biopsy samples from osteoporotic patients have shown that bone-forming surfaces generally are normal, and that bone-resorbing surfaces are increased by a factor of two to four. Tetracycline-labeling studies showed that bone formation rates in ribs of osteoporotic patients do not differ significantly from those in normal persons (11) . By estimating the rate of resorption in the rib from knowledge of the bone formation rate and the rib porosity, Wu, Jett, and Frost (12) found an absolute increase in endosteal resorption rate (the process accounting for most of the resorption in the vertebrae), although the intracortical resorption rate was found to be lower than normal. Studies with bone-seeking isotopes have shown that skeletal mineral accretion is normal or is decreased in proportion to the decreased skeletal mass (13) (14) (15) (16) (17) .
Some authors have suggested that the association of osteoporosis with the menopause is largely fortuitous because autopsy studies have conclusively demonstrated that maximal bone mass is attained between ages 20 and 40 yr in both sexes, and then there is a progressive bone atrophy which begins premenopausally in women and correlates linearly with age (18) (19) (20) . Clinical and in vivo densitometric studies have given conflicting results, some showing (21, 22) and others failing to show (23) (24) (25) an effect of the menopause independent of age.
Although treatment with sex hormones produces calcium retention in the majority of osteoporotic patients studied by metabolic balance methods (26) , the failure of bone to increase in radiodensity even after years of treatment suggests that the short-term calcium retention cannot be maintained indefinitely (26) . Also, Solomon, Dickerson, and Eisenberg (27) have shown that the relief of symptoms with estrogens is largely a placebo effect. However, treatment with sex hormones has been reported to arrest further height loss in osteoporotic patients (26) . Also, postmenopausal or castrated women who had received estrogen replacement therapy have been shown to have a higher bone density of the appendicular skeleton when assessed by in vivo densitometric techniques, compared with similar women who did not receive hormones (28, 29) .
Because of the conflicting results obtained in these previous studies, we examined directly the effect of sex hormones on bone tissue by using quantitative microradiography of bone biopsy samples. Alterations of certain biochemical parameters, which occurred as a result of hormone treatment, were also studied.
METHODS
Patients. Twelve ambulatory patients with progressive osteoporosis of sufficient severity to produce vertebral deformity were studied. None of the patients had any evident medical disease other than osteoporosis. Pertinent clinical features are given in Table I . Except for two patients (Nos. 8 and 9) who had discontinued therapy 10 months and 4 yr, respectively, before this study, none had had previous treatment. All patients underwent iliac crest bone biopsy for microradiographic studies of bone remodeling before and after administration of a sex steroid. In nine of the patients (Nos. 1-9), all postmenopausal, additional metabolic studies were performed before and after 10-16 wk of cyclic administration of conjugated equine estrogens (Premarin), 2.5 mg/day. Three patients (Nos. 10-12) had bone biopsies but no metabolic studies; these were two postmenopausal women who received cyclic therapy with conjugated estrogens in a dose of 2.5 mg/day for 4 months and 1.25 mg/day for 18 months, respectively, and a 48 yr old gonadally competent man who received 400 mg of testosterone ethanate (Deletestryl) intramuscularly once a month for 12 months. During the interval before restudy the patients were maintained on their usual diet and had no other form of therapy.
Microradiography. Samples of anterior iliac crest bone from seven patients and of posterior iliac crest bone from five patients were obtained for quantitative microradiography. Two sections were studied from each sample. This method as developed by Jowsey et al. (10) provides a numerical evaluation of the amounts of resorption and formation taking place in a piece of bone tissue. Active sites of bone formation and resorption are identified in a microradiograph of a calcified bone section. Bone resorption produces an uneven, crenated surface of high mineral density, which has been correlated with the presence of osteoclasts. Areas of bone formation are of low mineral density with a smooth surface not bounded by a sclerotic line; this appearance has been correlated with the presence of osteoblasts, with a border of osteoid tissue, and with surface of bone that accumulates tetracycline. (Tetracycline deposition has been shown to be associated with the calcification of collagen [30] .) The lengths of surfaces undergoing resorption and formation are measured on an enlarged photomicrograph and expressed quantitatively as percentages of total surface in the section. These values, therefore, refer to the amount of surface involved by the two aspects of bone turnover: bone resorption and bone formation. The values differ in different sites within the same skeleton but bear a relatively constant ratio to each other. To equate surface measurements with rates of bone formation and resorption it is necessary to make the reasonable but unproven assumption that the rate of bone deposition or destruction per unit length of active surface is relatively constant. By use of tetracycline labeling it has been shown that the appositional rate of bone formation is about 1 ,h/day in a group of patients with a variety of medical diseases (31) . The theoretical justification for the technique has been reviewed (10, 32) . Biochemical studies. The patients were hospitalized in a metabolic ward and ate a daily diet containing 650 mg of calcium, 900 mg of phosphorus, and 125 g of lean meat but no candy or gelatin. For each patient, serum calcium, phosphorus, and alkaline phosphatase were determined two to four times, and the serum proteins were studied by paper electrophoresis once. The 24-hr urinary excretions of calcium and hydroxyproline were determined on 3 successive days. On the 4th day, renal clearance studies were performed at 8 a.m. while the patient was fasting and hydrated.
The serum calcium was determined by semiautomated complexometric titration (33) (37) . The glomerular filtration rate was determined by inulin clearance (38) , and the tubular reabsorption of phosphate (TRP) was determined from the formula:
% TRP = (1-CPo4/Ci..i1n) X 100.
Serum gonadotropins were determined by radioimmunoassay (39, 40) , and results were expressed as micrograms of LER 907 standard per 100 ml of serum (41) Time of treatment in weeks FIGURE 1 Effect of sex hormone on bone resorption. 
DISCUSSION
The treatment period of 2J-4 months was believed to be long enough for estrogen to produce an effect on bone metabolism. Previous metabolic balance studies have shown that calcium retention may occur during the 1st wk of estrogen therapy and may become progressively more prominent for at least 30 days (42). The time of treatment was also short enough to ensure that any effects could be clearly attributed to treatment. Our patients were randomly selected, and the time interval since the last acute episode of back pain (and presumably the last vertebral compression) ranged from 2 wk to 22 months. Since it is highly unlikely that bone resorption would decrease to within the normal range spontaneously in all 10 patients in the short-term treatment group, we believe that the observed changes were the result of estrogen therapy. Our data show that the major effect of sex hormones on osteoporosis is an inhibition of bone resorption. This has been proposed by investigators (43) (44) (45) who failed to observe the increase in the rate of skeletal isotope accretion predicted by traditional theory. Lafferty, Spencer, and Pearson (44) also noted that sex hormone therapy altered the break in the serum '7Ca specific activity time curve and thought that this change quantitatively reflected inhibition of bone resorption. However, there are reasons for doubting the validity of this type of analysis (46) . It is not clear from our data whether the inhibition of bone resorption is a direct effect of the hormones on bone or is a consequence of altered responsiveness of bone to endogenous parathyroid hormone, as has been suggested by Heaney (47) and by Jasani, Nordin, Smith, and Swanson (48) .
We found no change in amount of bone surfaces undergoing formation. In studies of osteoporotic patients receiving androgens or estrogens for less than 3 months, Lafferty et al. (44) found the skeletal "7Ca accretion to be unchanged. However, Eisenberg (45) found a 10% reduction in the rate of skeletal accretion of strontium in osteoporotic patients receiving estrogens for 5-6 wk. Because skeletal accretion of boneseeking isotopes is the sum of several processes, only one of which is the mineralization of collagen (49), it is possible that the reduction in accretion noted by Eisenberg was nonspecific and was related to an overall reduction in mineral turnover. It is also possible that a reduction in rate of bone formation occurred which was not reflected in a proportional decrease in surface lengths. On the other hand, Lafferty et al. (44) found a reduction of '7Ca accretion in three of four osteoporotic patients receiving sex hormones for more than 9 months. This reduced accretion was accompanied by a diminution of calcium retention as judged by metabolic balance. Similarly, our two patients who had received hormones for at least 1 yr before rebiopsy also had very low values for bone formation. A sustained in-hibition of bone resorption with a secondary decrease in bone formation would provide a basis for the commonly held belief that treatment with sex hormones can arrest but cannot cure osteoporosis. It also would explain the apparent inability to maintain a positive calcium balance throughout long periods of treatment.
Coincident with the inhibition of bone resorption, significant reductions also occurred in the serum calcium, phosphate, and alkaline phosphatase levels and in the urinary excretion of calcium and hydroxyproline. Reductions in serum calcium (50, 51) , phosphorus (42, (50) (51) (52) , and alkaline phosphatase (44) have been observed by previous investigators. Reduction in urinary calcium excretion has been an almost constant occurrence in osteoporotic patients when sex hormones have produced positive calcium balances (42) . Young, Jansani, Smith, and Nordin (51) failed to find a significant decrease in urinary hydroxyproline in osteoporotic patients treated for 5 days with small doses of estrogens, but Katz and Kappas (53) found a significant reduction in 11 of 13 patients with resorptive bone diseases who were receiving pharmacologic doses of estrogens. It is noteworthy that Young and Nordin (54) found that the plasma and urinary calcium and phosphorus and urinary hydroxyproline values tend to increase in women after menopause.
We think that all of the observed biochemical effects can be adequately explained by the direct effect of sex hormones on bone tissue. Nassim, Saville, and Mulligan (52) thought that the reduction in serum phosphorus after estrogen administration was entirely a renal effect because renal tubular maximum for phosphate decreased in all of their five patients treated with stilbestrol for 2-3 wk. However, Young et al. (51) found no change in the phosphorus excretion index in 15 osteoporotic patients during 5 days of ethinyl estradiol administration, and Gardner et al. (55) found no change in the tubular reabsorption of phosphorus in cancer patients receiving pharmacologic doses of androgens. Our renal phosphate excretion data agree with those of the latter workers. We also agree with Jasani et al. (48) that it is unlikely that the major cause of the estrogeninduced reduction in urinary calcium excretion is increased tubular reabsorption of calcium. This mechanism would result in an increase in the serum calcium level but, in fact, a decrease was observed. The decrease in serum phosphatase level is paradoxic because this enzyme is usually considered to reflect only osteoblastic activity. However, total bone turnover may contribute to the serum alkaline phosphatase activity because Kroon (56) found increased skeletal alkaline phosphatase activity after the acute administration of parathyroid extract, at a time when the osteoblasts had been replaced with fibroblasts and osteoclasts. If urinary hydroxyproline excretion reflects the breakdown of skeletal collagen (57) , the reduction seen after treatment may be a measure of a decrease in bone resorption. However, this parameter is nonspecific (57) and may reflect other effects of estrogen as well, such as a stimulation of synthesis of extraosseous collagen.
Because increased bone resorption appears to be the major cause of bone loss in osteoporosis, the finding that a substantial reduction in bone resorption occurs when approximately physiologic replacement doses (assessed by the effect on serum gonadotropins) of estrogens are administered to women with postmenopausal osteoporosis supports the theory that the menopause may be a contributing factor in pathogenesis. However, the favorable short-term response to sex hormones noted in this study does not necessarily mean that bone resorption can be inhibited indefinitely by sex hormone treatment, nor does it exclude the etiologic importance of other factors known to influence bone resorption.
